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For an ion embedded in dense plasma, the electron screening will greatly alter its atomic properties and leads to the
various phenomena, such as ionization potential depression (IPD) and line shift etc. An accurate description of electron
screening effect is of crucial importance in the simulations of radiation transport and Equation of State in dense plasmas.
In the present work, an electron screening model considering electron correlation and quantum degeneracy effects is
proposed for treating non-ideal plasma. In this model, the Fermi-Dirac distribution is modified to include the electron
correlation effect, and plasma electrons are assumed be able to occupy the bound orbitals (with negative energy) of an
embedded ion. When investigating the screening effect on a specific bound state of the embedded ion, the quantum
degeneracy between negative-energy electrons and the studied bound state is considered and leads to a dependence of
the plasma-electron distribution on the specific bound state. The model is applied to calculate line shifts of He-like
ion embedded in non-ideal plasma and much better agreements with the latest two experimental results are achieved in
comparison with other screening modelsâA˘Z´ calculations.
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Since dense plasma exists widely in all types of stars1, the
interior of giant planets2 and inertial confinement fusion3,4,
the studies of its thermodynamic and transport properties
attract much attention. Examples of recent experimental
investigations include the X-ray free-electron laser excited
plasmas5–7, inertial confinement fusion experiments8,9 and
laboratory opacity measurements10,11. For an ion embedded
in dense plasma, electron screening, which is the damping of
electric fields caused by the presence of mobile electrons in
plasmas, can significantly shift ionic energy levels toward the
continuum, resulting in ionization potential depression (IPD)
and line shift. These atomic energy shifts result in a signifi-
cant modification of ionization balance in the plasma. There-
fore, understanding the influence of electron screening on
atomic properties is important for interpreting spectra, model-
ing opacity and equation of state (EOS) in dense plasmas12,13.
In addition, the investigation of electron screening in dense
plasma is also of great interest from a fundamental viewpoint,
since it reflects the complex quantum many-body interactions
in a statistic manner. How to explicitly treat the many-body
interaction of non-ideal plasma is still an open question up to
now.
The well-known Debye-HÃijckel screening model14 is
valid only for non-degenerate and weakly coupled plasmas
(i.e. hot and dilute plasmas). Thereafter, the Thomas-Fermi
screening and self-consistent field ion-sphere models have
been used to study the electron screening effects in degen-
erate plasmas15,16. For the convenience of application, sev-
eral analytic solutions, such as uniform electron gas model
(UEGM)17, Ecker-KrÃu˝ll (EK) model18, Stewart-Pyatt (SP)
model19, and analytic fits to ion-sphere potentials20–22, are
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proposed and widely used to calculate the IPD and line shift
in dense plasmas. Due to the complicated many-body inter-
actions and quantum effects involved, these models are pro-
posed with various approximations and are applicableÂa˘to
theÂa˘plasmas with specific conditions. Their reliabilities are
questionable in treating non-ideal dense plasma and must be
verified by comparing them with experimental observations.
Since the significant advances in obtaining uniform, well-
characterized and high-energy-density plasmas, it becomes
possible to measure the ionic level shift of warm- and hot-
dense plasmas5,23–25. Recently, Stillman et al.25 and Beiers-
dorfer et al.26 present their line-shift measurements of Al11+
and Cl15+ in hot-dense plasmas as sensitive benchmarks for
screening models. However, inconsistent results are shown in
comparison with the predictions of the Li and RosmejâA˘Z´s
analytical model21, which is a fit of the self-consistent field
ion-sphere model. Despite that the self-consistent field ion-
sphere model has been thought to be reliable for dense plas-
mas, Li-Rosmej model is found to underestimate the mea-
sured shifts of 1s2p− 1s2 transition of Al11+25 and consid-
erably overestimate the measured shifts of 1s3p− 1s2 transi-
tion of Cl15+26. More recently, Iglesias shows that Li-Rosmej
model does not product a neutral Winger-Seitz sphere which
violated an important aspect of ion-sphere model27, and the
earlier fit to ion-sphere potential from Rosmej et al.20 avoids
this problem. However, neither model can agree with both
set of experimental data. Therefore, a more general screening
model is expected.
In this letter, a correlated quantum screeningmodel for non-
ideal plasma is proposed, in which the plasma-electron den-
sity is obtained by using a modified Fermi-Dirac distribution
and the electron correlation effect can be addressed based on
classical molecular dynamics (CMD) simulations. It should
be noted that in this model the electrons from plasma envi-
2ronment are allowed to occupy the bound orbital of an em-
bedded ion, and this leads to a dependence of the plasma-
electron density distribution on the ionic bound state. Then,
the atomic/molecular structure and dynamic properties can be
investigated. In this work, the new model is applied to cal-
culate the line shifts of both Al11+(1s2p− 1s2) transition and
Cl15+(1s3p− 1s2) transition, and good agreements with the
two experiments25,26 are achieved.
CMD simulations - CMD method, in which the multi-
particle interactions between ions and electrons are taken into
account exactly, has been extensively employed in simulat-
ing the dynamical evolution and coupling properties of ultra-
cold neutral plasmas (UNPs)28–30. In our previous work31,
the evolution dynamics of UNPs has been simulated by this
method and are consistent with experiment. In this work, in
order to address the electron correlation effect on screening in
non-ideal plasma, CMD simulations of UNPs are performed
to obtain the electron density distribution around a sample ion,
which is the key factor determining the screening effects and
can be used to check the reliability of existing plasma screen-
ing models. Here, UNP is selected as a prototype of non-ideal
plasma, for which the quantum degeneracy effects are negli-
gible. For a typical UNP, the De Broglie wavelength for an
electron at 5K (λ ≈ 60nm) compare to the Wigner-Seitz ra-
dius at density of 109/cm3 (aWS ≈ 6200nm).
In this work, we present CMD simulations of two-
component UNPs with electron density of 109/cm3 and elec-
tron temperatures of 5 K and 11.5 K. In simulations, 1000
electrons and 1000 ions (Z=1) are included, and the periodic
boundary condition is applied to maintain constant density.
Since considering static screening approximation, the mobil-
ity of ions is neglected and the ions are fixed in the evolutions.
Then the electron density distribution that changed by a given
ion located in the center of box is calculated by
δρ(r) = ρ(r)−ρ ′(r), (1)
where ρ(r) and ρ ′(r) are the average electron densities ob-
tained from two simulations of the UNP with and without this
ion, respectively. The time step ∆t = 0.5 ps and the total evo-
lution time t = 25000 ps are employed for each simulation. In
order to reduce the statistical error, these simulations are re-
peated 1000 times with different random initial positions and
velocities of electrons.
In figure 1, the CMD results of electron density devia-
tions δρ(r) are compared with those of Fermi-Dirac dis-
tribution and the linear Debye-HÃijckel model with ρ0 =
109/cm3;Te = 5.5K, Γe = 0.49 and Te = 11.5K, Γe = 0.23,
respectively. Here, Γe = e2/(4piε0aWSkBTe) is the electron
Coulomb coupling parameter, and a plasma is called ideal one
for Γe ≪ 1. It should be noted that the Fermi-Dirac distribu-
tion gives same results with the Boltzmann distribution in the
present two cases, since the quantum degeneracy effects are
negligible for the UNPs studied. In Debye-HÃijckel model,
the electron density is given by ρ(r) = ρ0[1+ eΦ(r)/(kBT )],
which is is obtained by linearizing the Boltzmann distribu-
tion ρ(r) = ρ0exp[−eΦ(r)/(kBT )]. But the electron densi-
ties obtained from MD simulations are significantly differ-
ent with these from both Boltzmann distribution and Debye-
 MD simulation (free electrons)
FIG. 1. The electron density fluctuation δρ(r) around an ion (Z=1,
at origin) embedded in the UNPs with (a) ρ0 = 109 /cm3,Te = 5.5K
and (b) ρ0 = 109 /cm3,Te = 11.5K. The CMD simulated densi-
ties of electrons and free electrons are shown in square and trian-
gle, respectively. Electron densities from Fermi-Dirac distribution
(dash line), linear Debye-HÃijckel model (dash-dot-dot line) and
our modified Fermi-Dirac model (solid line) are shown to check their
reliabilities. And the free-electron density from Fermi-Dirac distri-
bution is shown in short dash line.
HÃijckel model when eΦ(r)/(kBT ) is close or greater than
1, where the electron correlation effects have important influ-
ences on the plasma screening effects. The Boltzmann and
Fermi-Dirac distributions work no more in such conditions,
and will leads to the failure of popular Debye-HÃijckel and
Thomas-Fermi screening model. Therefore, a more general
screening model is required for treating the screening effects
of non-ideal plasma, where the electron correlation effects and
quantum degeneracy effect become important.
Model formulation − In this work, the Fermi-Dirac distri-
bution is modified to consider the electron correlation effect
which is addressed based on the CMD results. The Fermi-
Dirac statistics is derived based on the independent electron
and mean-field approximations, and the number density of
electrons is given as
ρ(r) =
1
2pi2h¯2
∫ ∞
0
fFD(p,r)p
2d p (2)
with fFD(p,r) =
1
1+ exp
[
1
kBT
(
p2
2me
− eΦ(r)− µ
)] , (3)
where fFD(p,r) is the Fermi-Dirac distribution function, µ is
the chemical potential, Φ(r) is the total effective potential at
position r, and p is the magnitude of electron momentum.
For an ion embedded in plasma, the free electrons are de-
fined by the condition of
p > p0 =
√
2meeΦ(r), (4)
which guarantees that the kinetic energy of the free electrons
is larger than the absolute value of the (negative) potential en-
ergy at the position r.
For comparison, figure 1 also present the free-electron
of Fermi-Dirac distribution, in which p0 is obtained by us-
ing Debye-HÃijckel potential ΦDH(r). Obviously, the free-
electron density distribution is not adequate for describing
3the electron screening effect in moderately coupled plasma.
Moreover, the CMD results of electron density distribution
with limitation of p ≥
√
2meeΦDH(r) are also presented in
figure 1 and it agrees well with the one of Fermi-Dirac dis-
tribution. As learned in CMD simulations, the plasma elec-
tron can occupy the bound orbitals of the embedded ion, i.e.
with momentum of p < p0, due to the electron correlation ef-
fects. Throughout this article, the plasma electron with p< p0
is called negative-energy electron to distinguish it from free
electron and the studied bound state of embedded ion. The
above comparisons indicate that the electron density discrep-
ancies between CMD and other results mainly come from the
different treatment of negative-energy electron distributions.
Therefore, the Fermi-Dirac distribution can be modified rea-
sonably to obtain consistent electron density distribution, in
which the electron correlations are well considered.
In the present CMD simulations, there is one implicit as-
sumption that the negative-energy electron are evolve from
free electron through collisions. For the negative-energy elec-
tron with p < p0, the energy of the correlated collided elec-
tron should be restricted to be larger than εr = (p2− p20)/2me.
Therefore, such an energy restriction of collided electron
should be applied to describe the electron-electron correlation
effect and modify the distribution function of negative-energy
electrons as
fFD(p,r,r
′) = fFD(p,r)
∫ ∞√
εr/2me
fFD(p
′,r′)p′2d p∫ ∞
0 fFD(p
′,r′)p′2d p
, (5)
which is depends on the position of the collision (i.e. r′). In
this letter, in order to illustrate the main influence of electron
correlation on negative-energy electron distribution and ob-
tain an analytic expression, Boltzmann distribution function
is employed instead of fFD(p′,r′) in the correction term, and
then the distribution function is given by
fFD(p,r,r
′) = fFD(p,r)
∫ ∞√
εr/2me
exp
(
− p′22mekBT
)
p′2d p
∫ ∞
0 exp
(
− p′22mekBT
)
)p′2d p
= fFD(p,r)
(
2
√
εr
pikBT
exp
(
εr
kBT
)
+Er f c
(√
εr
kBT
))
, (6)
where Er f c(x) is the error function. For the UNP and hot-
dense plasmas investigated in this work, this simplification is
reasonable since the condition of −µ/kBT ≫ 1 (weak degen-
eracy) is satisfied in these plasmas. Using this new distribu-
tion function, electron density ρ(r) is obtained by
ρ(r) =
1
2pi2h¯2
(∫ p0
0
f (p,r)p2d p+
∫ ∞
p0
fFD(p,r)p
2d p
)
(7)
where the effective potential Φ(r) is dependent on ρ(r) and
can be calculated though a self-consistent iteration process.
In this model, the negative-energy electron distribution is
modified by considering electron-electron correlation effect,
and will significantly change the total electron distribution and
screening effect of non-ideal plasmas. For classical UNP, the
reliability of this model can be validated straightforwardly by
CMD simulations. It can be found from figure 1 that, us-
ing the modified Fermi-Dirac distribution, good agreements
are obtained in comparison with the results of CMD simula-
tion for Γe = 0.49 and 0.23. These agreements reveal that the
electron-electron correlations are well considered in the mod-
ify distribution function.
Line-shift calculations− In order to further evaluate its va-
lidity, the line shifts investigated in the recent experiments of
hot-dense plasmas25,26 are calculated by using the proposed
model. In the line-shift calculations, the effects of bound state
of the ion should be taken into account. On the one hand,
the degeneracy effect between bound electrons and negative-
energy plasma electrons is considered in our model. For an
incompletely ionized ion within ground state, the energy of
a plasma electron εp cannot be lower than the energy of out-
ermost bound electron εb since the lower-energy orbitals are
occupied. Therefore, the limitation εp > εb is applied on the
distribution of plasma electrons. Despite excited initial states
involved in the calculation of line shifts, εb will always be the
orbital energy of outermost bound electron not only because
of the quantum degeneracy but also due to the condition of ex-
perimental line-shift measurements. It will be discussed later
in the comparison of line-shift calculations with experimental
measurements. On the other hand, the distribution of bound
electrons will influence the total effective potential Φ(r). For
a given ion located at origin, Φ(r) is given by
Φ(r) =
∫
e
4piε0|r−r′|
[
Zδ (r′)−ρb(r′)− δρ(r′)
]
dr′,
(8)
where δρ(r) = ρ(r)−ρ0 is the plasma-electron density fluc-
tuation induced by the ion, and ρb(r) is the density of bound
electrons and is calculated by
Φ(r) =
∫
e
4piε0|r−r′|
[
Zδ (r′)−ρb(r′)− δρ(r′)
]
dr′.
(9)
Here q j is the occupation number of electrons in the orbital j,
and Pj(r) and Q j(r) are the relativistic radial wave functions
of the large and small components, respectively. The bound
wave functions are obtained by using multi-configuration
Dirac-Fock approach32,33.
Once the plasma-electron densities have been determined
though the self-consistent iteration process between Eqs.(7)
and (8), the level shift for orbital j can be given by
∆ε j =
∫ ∞
0 [P
2
j (r)+Q
2
j(r)]V (r)r
2dr
with V (r) =
∫
e2
4piε0|r−r′|δρ(r
′)dr′
, (10)
where V (r) is the potential energy derived from plasma elec-
trons.
In the line-shift experiments for 1s2p− 1s2 transition in
Al11+ in plasmas with electron densities ρe of 1 − 5 ×
1023/cm3 and temperatures Te of 250-300 eV25 and 1s3p−
1s2 transition in Cl15+ with ρe of 3− 6× 1023/cm3 and Te
of 600-650 eV26, the Coulomb coupling parameters Γe of in-
volved hot-dense plasmas are as low as about 0.05. However,
it is found that the electron density distributions around highly
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FIG. 2. Comparison of electron density deviation δρ(r) induced
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FIG. 3. The line shifts from experimental measurements25,26 and
different theoretical models as a function of mean plasma-electron
density. (a) 1s2p−1s2 transition in Al11+ at T=300 eV, (b) 1s3p−
1s2 transition in Cl15+ at T=625 eV.
charged ions embedded in the studied hot-dense plasmas can-
not be described by Debye-HÃijckel or Thomas-Fermimodel.
For example, different theoretical results of the electron devia-
tion δρ(r) induced by a given Al ion in hot-dense plasma with
ρ0= 3×1023/cm3, Te = 300 eV and Γe = 0.052 are presented
in figure 2. Here, the screening length λ of Debye-HÃijckel
and Thomas-Fermimodels are 4.442 and 4.449 in atomic unit,
respectively, thus the lines of δρ(r) from these two models
will be coincided in figure 2. For the case of Z=1, different
distributions agree with each other in such a weakly coupled
plasma. The present model naturally reduces to Fermi-Dirac
distribution and Thomas-Fermi screening model in the weak-
coupling limit. However, for the case of Z=11 (i.e. Al11+ )
it is found that the present modified Fermi-Dirac distribution
gives a much larger electron density around the ion than the
one of linear Debye-HÃijckel distribution. Despite the small
coupling strength of Γe = 0.052, the electron density distribu-
tion around the highly charged ion shows to be a non-linear
function of potential, and the Debye-HÃijckel as well as sim-
ilar Thomas-Fermi model will work no longer to describe the
electron screening effect around a highly charged ion.
In figure 3, the line shifts of Al11+(1s2p − 1s2) and
Cl15+(1s3p − 1s2) transitions from the present screening
model are compared with experimental values25,26, as well as
the shifts from Li-Rosmej model21 and RosmejâA˘Z´s model20.
The calculations are done at T = 300 eV for 1s2p− 1s2 tran-
sition and at T = 625 eV for 1s3p−1s2 transition. As shown,
neither of the Li-Rosmej and RosmejâA˘Z´s models agrees with
both set of measurements. Li-Rosmej model considerably
overestimates the line shifts of 1s3p−1s2 transition, and Ros-
mejâA˘Z´s model largely underestimates the measured shifts of
1s2p− 1s2 transition. By using the present screening model,
the predictions are in reasonable agreement with both sets of
measurements, and the discrepancy between experiment and
previous analytical calculations is resolved.
In our calculations, the limitation εp > εb, in which the εb
is the outermost bound orbital energy, is used to guarantees
the quantum degeneracy between bound and negative-energy
plasma electrons. For 1s3p− 1s2 transition in Cl15+, the ini-
tial state is excited, and the plasma electron can turn to 2s
or 2p orbital. But we do not take account of its contribu-
tions in line-shift calculations, because of that the energy of
1s2l′3p−1s22l′ transitions is far away from 1s3p−1s2 transi-
tion and have not been included in the experimental measure-
ments. For example, the energy difference between 1s2l′3p−
1s22l′ transitions (about 3210-3220 eV) and 1s3p− 1s2 tran-
sition (3271 eV) is about 50-60 eV and considerably greater
than the experimental full width at half maximum (FWHM)
of 1s3p− 1s2line (about 20 eV)26. Therefore, the line shift
of 1s3p− 1s2 transition are calculated by using the outermost
bound orbital energy ε3p, and the limitation εp > ε2p is applied
in line-shift calculations for 1s2p− 1s2 transition.
For a further study of the quantum degeneracy effect be-
tween bound and plasma electrons on electron screening, the
plasma electron density deviations δρ(r) with limitations of
different bound orbital energy (ε2p and ε3p) of Al11+ ion
are presented in figure 2(b). It is found that the electron
density around ion with limiting energy ε2p are significantly
larger than that with limiting energy ε3p, and will lead to a
stronger screening effect in present model. This reveals that
the plasma-electron density distribution and its screening ef-
fect are sensitively dependent on the limiting energy εb, which
is decided by the studied bound state as discussed above. Con-
sidering this dependence on bound state, good agreements
with the two line-shift experiments are achieved. In contrast,
the previous analytic self-consistent field ion-sphere mod-
els, which cannot reflect the sensitive dependence of electron
screening on bound state, failed to agree with the both sets of
line-shift measurements.
In conclusion, the correlated quantum screening model in-
corporates the quantum degeneracy and electron correlation
effects, and successfully describes the recent experimental
line-shifts measurements in hot-dense plasmas. In the present
quantum screening model for non-ideal plasma, the electron
correlation effect is included based on modified Fermi-Dirac
distribution, and the plasma electron is allowed to occupy the
bound orbitals (with negative energy) of an embedded ion.
The plasma-electron density distribution is found to be sen-
sitively dependent on the bound state and will significantly
5influences the level shift. The present model has potential
applications in the investigations of atomic physics, opacity,
thermodynamic properties and transport process in warm- and
hot-dense plasmas, and more high-precision experiments are
expected to validate it. In this letter, negative-energy plasma
electron density is calculated by an analytic formula based on
the approximation of classical description on the correction
term, and also can be calculated numerically without this ap-
proximation for strongly degenerate plasmas. Furthermore,
the next step beyond this model is to describe the negative-
energy plasma electrons in specific quantum states (atomic
orbitals).
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